The relationship between two metabolites, free fatty acids (FFA) and amino acids (AA), and the two main pancreatic hormones, insulin and glucagon, was studied by infusing small amounts of these metabolites into normal and diabetic Peking ducks, i. e. two days after subtotal pancreatectomy.
The present investigation was undertaken to study the relationship of free fatty acids (FFA) and amino acids (AA) with insulin and glucagon in normal and diabetic ducks and to see if insulin is a prerequisite for the functioning of normal feedback mechanisms, as it is for the glucose-glucagon interplay [22] .
An effect of FFA on glucagon secretion has been observed in normal man [10] and the dog [24, 25] , but the response of glucagon to an experimental increase of FFA in diabetes has never been studied in mammals. This study was nevertheless undertaken under physiological conditions in the duck, a species in which a transient diabetes can be induced by subtotal pancreatectomy [27, 22] and where glucagon seems to be of particular importance [27, 28, 29] especially in regulation of lipid metabolism [3, 30] .
Likewise, amino acid-induced glucagon secretion has been observed in normal man [1, 31] , in the dog [33] , and in the normal and hypophysectomised duck [6, 35] . The study of the secretion of insulin and glucagon during hyperaminoacidaemia in normal and diabetic ducks, seemed to be of interest, given that glucagon plays an important r61e in substrate regulation in birds [27, 28, 29] .
Material and Methods

L Animals
Male Peking ducks were used in our experiments. They were kept indoors in individual cages between the operation and the test, and maintained on a normal diet with fowl pellets ("Grands Moulins de Paris", Nancy, France) and tap water ad libitum.
II. Subtotal Pancreatectomy
This was performed under local anaesthesia, on 16-20 h fasted ducks [27] . Only the anterior part of the splenic lobe was left.
III. Infusions and Blood Sampling
The ducks were tied to a board, lying on their backs, and they remained immobile under these conditions: no anaesthesia was needed. Infusions were performed on 16-20h fasted ducks, through a polyethylene catheter inserted into a wing or a leg vein. (--) and of a 30min infusion of normal fasted duck plasma in 10 ducks (---), on plasma glucose, free fatty acids, IRI and GLI. In this figure, as in the following ones, vertical bars represent + SEM; o and ~-respectively correspond to highly significant (p < 0.01) and significant (p < 0.05) differences from the zero time value least one month before [13] . Control animals were infused with their own plasma, under the same conditions.
Amino Acid Infusions,
Arginine was infused at 1 g/kg/h, diluted with NaCI (9 g/l).
Glucose Infusions.
Glucose was infused at a rate (1 g/kg/h) which imitated the hyperglycaemia occuring in diabetes.
4. Saline Infusions. NaC1 (9 g/l) was infused during some control experiments. Blood samples, drawn by a second catheter inserted into a wing vein, were kept on ice until centrifugation, and plasma was then frozen at -20 ~ until use. Trasylol has been shown to be unnecessary for preventing degradation of glucagon in duck plasma [23] . Storage time ranged between one month and two years.
IV. Plasma Determinations
Plasma glucose was measured with a Technicon Autoanalyzer
after dialysis, using a ferricyanide reagent [15] .
2. Plasma free fatty acids were measured spectrophotometfically [211.
3. Plasma amino acids. Plasma amino nitrogen was determined on deproteinised plasma, by a ninhydrin method with a Technicon Autoanalyzer [35] . Plasma arginine was measured after chromatography on deproteinised plasma, with a Unichrom Beckman Autoanalyzer.
Plasma immunoreactive insulin (IRI) was determined by
radioimmunoassay, using a dextran-coated charcoal method of separation (8) and beef insulin as a standard. At the concentrations used, beef and duck insulin crossreact in a similar way with our antibody [22] . The results are expressed as ng beef IRI equivalents/ml plasma.
5.
Glucagon like immunoreactivity (GLI) was determined by the radioimmunoassay of Leclercq-Meyer et al. [23] , using a dextrancoated charcoal method of separation. Trasylol has been shown to be unnecessary in our method of glucagon determination [7] , The results, read from a standard curve using porcine glucagon are therefore given as ngEq of pig ghicagon. Serial dilutions of avian pancreatic extracts compete with our antibody like pork glucagon [17] . The sensitivity of the assay is 0.1 ng/ml. The SEM ranges between 0.009 and 0.13 for plasma concentrations between 0 and 2 ng/ml [14] .
The 7/69 antibody used in this assay, at a dilution of 1200 is not specific for pancreatic glucagon, but the so-called "nonspecific antibodies" are precisely the ones able to react fully with duck glucagon [15] . We can nevertheless assert, from the following observations, that the variations mentioned correspond to pancreatic glucagon (IRG):
-No change in plasma GLI is observed in fasted, totally depancreatised ducks given glucose [36] , or infused with oleic acid [13] .
-There is no significant alteration of GLI in the same animals during the first hour of arginine infusion, even at higher rates [35] ; after 60 min a small, delayed rise in gut GLI occurs.
Since we did not study variations occurring after one hour of infusion, we can confidently assert that the GLI alterations reported here are exclusively of pancreatic origin.
Calculations and statistical methods. Variations in the secretion
of glucagon and insulin were calculated from areas under the curves, and reported as ngEq/ml • min. Student's "t" test was used to compare mean values which are given _+ SEM.
Results
I. Effect of FFA on Glucagon and Insulin Secretions in Normal and Diabetic Ducks
1) Normal Ducks ( Fig. 1) a. Controls. In order to assess further the effects of changes in plasma FFA levels on pancreatic cells, 30 minutes infusions of plasma without oleic acid were performed into 10 normal fasted ducks.
No change in plasma FFA occurred during or 
Fig. 2.
Effect of an infusion of oleic acid (0.365 g/kg/ 30 min) in normal fasted duck plasma (--), in 11 diabetic ducks, two days after subtotal pancreatectomy (subt. t~) and of a 30 min infusion of normal fasted duck plasma (---) in 9 subtotally depancreatised ducks for two days, on plasma glucose, free fatty acids, IRI and GLI.Z, o, ~-,: same symbols as in Figure 1 after plasma infusion. Plasma glucose slowly increased during the experiment. There was no change in plasma IRI level during the infusion, but a significant increase was observed during the second hour of the test, probably in response to the developing hyperglycaemia. No change in GLI concentration occurred, except for an unexplained rise at 10 minutes.
b. Oleate Infusion. Mean plasma FFA increased significantly from 1.28 retool/1 to a peak value of 2 retool/1 at 20 minutes with oleic acid infusion in normal ducks (n = 11). A significant drop of plasma glucose occured at 20 minutes (p < 0.01). Plasma IRI did not vary either during the infusion or thereafter. A prompt and significant GLI decline was observed as early as 5 minutes (p < 0.001), with a nadir at 20 minutes (p < 0.001). The mean area of glucagon decrement averaged 25 + 3 ngEq/ml • rain. Mean GLI level significantly increased after the infusion, the values returning to normal two hours after the beginning of the experiment.
2) Diabetic Ducks (Fig. 2) Two days after subtotal pancreatectomy, we noticed an increase in plasma glucose and FFA, and a decrease in plasma IRI and GLI, in both control and oleate infused animals.
a. Controls. No change in plasma FFA, IRI, or GLI levels occurred during plasma infusion into diabetic ducks (n = 9); nevertheless, plasma glucose progressively but significantly increased during the whole experiment. .
~" -10 0 10 30 45 60 120mln subtd~ Fig. 3 . Effect of an infusion of arginine (1 g/kg/h) in 8 normal ducks (---) and in 9 diabetic ducks (--), two days after subtotal pancreatectomy (Subt..P*), on plasma glucose, aamino nitrogen, IRI and GLI.I, o, *,: same symbols as in Figure 1 plasma glucose showed a slight but non-significant decrease during the infusion, followed by a significant increase at the end of the experiment. As in normal ducks, the oleate administration induced no change in plasma IRI. Although less important than in normal animals (p < 0.05; the mean area of glucagon decrement averaged 17 + 2 ngEq/ml x min in diabetic ducks instead of 25 + 3 in normal animals), the drop in plasma GLI which occurred during the oleate infusion in diabetic animals was prompt and sustained (p < 0.001 from 5 to 30 minutes). As in normal animals, plasma GLI significantly increased after the infusion.
Thus, in diabetic animals as in normal ones, an elevation in plasma FFA was associated with a suppression of glucagon secretion, but was without effect on the insulin response.
cose rose significantly (p <0.01 from 2 to 20 minutes; p < 0.05 at 30 minutes) at the beginning of the infusion, returning to basal values thereafter. Plasma a amino-nitrogen increased significantly (p < 0.01) from 94 mg/100 ml to a peak value of 171 mg/100 ml at 60 minutes, and plasma arginine levels rose from 25 to 463 ~tmol/100 ml (p < 0.001) at the end of the infusion.
A significant (p < 0.01) rise in IRI already occurred by 2 minutes, the values remaining above control levels (p < 0.01) for the rest of the 60 minutes period, then returning to basal levels two hours after the start of the infusion. A significant (p < 0.01 from 2 to 20 minutes, p < 0.05 from 30 to 90 minutes) rise in plasma GLI concentration was observed throughout the infusion. (Fig. 3) Arginine was infused at a constant rate of 1 g/kg/h, for one hour, in 8 normal fasted ducks. Plasma glu-2) Diabetic Ducks (Fig. 3) Nine diabetic ducks were infused with arginine (1 g/ kg/h) two days after surgery. No change in plasma glucose was found. Basal plasma a amino nitrogen concentration rose significantly (p < 0.05) in diabetic ducks (113 mg/100 ml) compared with the same ani- 12Omin Fig. 4 . Effect of an infusion of arginine (1 g/kg/h) (--) or NaC1 (9 g/l) (---) for one hour, in ducks rendered hyperglycaemic by a one-hour glucose infusion (1 g/kg/h), starting 30 min before the beginning of the arginine or saline, on plasma glucose, a-amino nitrogen, IRI and GLI.I, o, *,: same symbols as in Figure 1. (The values --10, 10 G, 20 G and 0 rain were compared to the value 0G, which corresponds to the beginning of the glucose infusion, and the values 2 min to 120 min were compared to 0 rain, i. e. the beginning of the arginine or saline infusion) mals before surgery (76mg/100ml). The arginine infusion elicited a significant rise (p < 0.01 from 0 to 120 minutes) in plasma a amino nitrogen concentration from 113 mg/100 ml to a peak value of 244 mg/ 100 ml at 60 minutes; plasma arginine abruptly rose (p < 0.001), from 20 to 770 gmol/100 ml at the end of the infusion. Although the mean area of insulin increment was significantly lower (p < 0.001) in diabetic animals (8 + 2 ngEq/ml • min), compared with normal ones (22 + 2 ngEq/ml • min), the rise in plasma IRI induced by arginine was prompt and significant (p < 0.05 at 2, 5, 45 minutes, and p < 0.01 from 10 to 45 minutes), but less marked and not sustained. The diabetic ducks given arginine exhibited an acute rise in plasma GLI (p < 0.01 from 2 to 20 minutes, p < 0.05 at 30 minutes). The area of glucagon increment averaged 52 + 16 ngEq/ml ;4 min in these diabetic animals, which was not significantly different from the normal response (56 + 12 ngEq/ml • min).
II. Effect of Amino Acids on Glucagon and Insulin Secretion in Normal and Diabetic Ducks
1) Normal Fasted Ducks
Thus, in spite of lower basal insulin levels and responses, an arginine infusion in diabetic ducks induced an almost normal glucagon rise in plasma.
3) Normal Hyperglycaemic Ducks (Fig. 4) In order to reproduce the hyperglycaemia occurring with diabetes, glucose was infused at a rate of 1 g/kg/ h, for one hour into 8 normal fasted ducks. Arginine was infused at the same rate as before (1 g/kg/h), for one hour, the infusion starting 30rain after the beginning of the glucose administration. In this case, mean plasma glucose concentration increased significantly from 210 to 304 rag/100 ml at the start of the arginine infusion, and reached 322 rag/100 ml 30 minutes later, i.e. at the end of the glucose infusion. No change in plasma amino nitrogen level was observed during the first thirty minutes of the glucose infusion. There was a prompt increase (p < 0.01) immediately after the beginning of arginine administration. Plasma IRI progressively increased (p < 0.05 at 20 minutes, p < 0.01 at 30 minutes) until the thirtieth minute of glucose infusion, followed by an abrupt rise as soon as the arginine infusion was started (p < 0.01 from 2 to 60 minutes). The area of insulin increment during the arginine infusion in hyperglycaemic ducks averaged 24 + 5 ngEq/ml • rain, which was not significantly different from the normal fasting value (22 + 2 ngEq/ml x min) but significantly higher than the diabetic value (8 + 2 ngEq/ml x min). Plasma GLI concentration slowly decreased (p < 0.05 at 20 minutes, p < 0.01 at 30 minutes) during the first half of glucose infusion. As soon as the arginine infusion started, plasma GLI level sharply increased (p < 0.01 from 2 to 120 min). The area of glucagon increment in hyperglycaemic ducks averaged 64 + 5 ngEq/ml x min and was not significantly different from normal (56 + 12) and diabetic values (52 + 16 ngEq/ml x rain).
4) Normal Hyperglycaemic Ducks With Saline
Infusion (Fig. 4) 322 mg/100ml at the end of the glucose infusion, and decreased thereafter. Plasma IRI significantly increased during the beginning of the glucose infusion (p < 0.01) but the area of insulin increment from 0 to 60 minutes (which corresponds to the whole period of saline infusion and to 30 minutes of the glucose infusion), averaged 2.5 _+ 0.6 ngEq/ml • min and was much reduced (p < 0.001) compared with hyperglycaemic animals given arginine (24 + 5ngEq/ml • min). Plasma GLI significantly decreased (p < 0.01 from 20 to 30 minutes) during the glucose infusion. The area of glucagon increment from 0 to 60 minutes averaged 3.5 _+ 3.8 ngEq/ml • min, and was significantly lower (p < 0.05) than in hyperglycaemic animals given arginine: 64 _+ 5 ngEq/ml • min.
Discussion
I. Free Fatty Acids Interplay with Insulin and Glucagon
The plasma GLI alterations mentioned in our experiments correspond to pancreatic glucagon, since no GLI change occurred in totally depancreatised ducks given the same FFA infusions [13] .
1) FFA and Insulin Secretion.
In normal ducks, small alterations in plasma FFA within a physiological range, induce no change in insulin secretion. A FFAinsulin interplay does not seem to exist in the normal duck. In contrast to this are the results for the dog [25] and for man [2] . In the former case, plasma FFA alterations have been reported to change insulin secretion, and in the latter, arguments for the role played by plasma FFA in the control of insulin secretion have been put forward. In diabetic ducks, as is the case in normal animals, a physiological increase in plasma FFA induces no change in insulin secretion.
There is thus no evidence of the existence of a FFA-insulin interplay either in the normal or in the diabetic duck.
These results bear out the absence of any antilipolytic role of insulin in the bird [3, 12, 20] and the only antilipolytic factor up till now demonstrated in the duck is gut GLI [19] .
Glucose was infused at a rate of I g/kg/h for one hour. Saline instead of arginine, was infused for one hour, the infusion starting, as before, 30 min after the beginning of the glucose infusion.
In this case, plasma glucose significantly increased (p < 0.01) from 210 to an average of 2) FFA and Glucagon Secretion. Glucagon is a potent lipolytic hormone, especially in chickens [18] and ducklings [19] , in which the normal peripheral levels of glucagon of pancreatic origin (500 and 1000 pg/ml respectively) induce a near maximal lipolysis.
Conversely, in normal ducks, a physiological al-teration in plasma FFA induces a change in glucagon secretion, as already reported by Gross et al. [13] , and confirmed here. The existence of a similar FFAglucagon interplay has been previously reported in normal man [10] and in the dog [24, 25] .
On the other hand, in diabetic ducks, i.e. two days after subtotal pancreatectomy, the glucoseglucagon interplay is abolished, and can be restored by insulin therapy [22] , but a physiological increase in plasma FFA still induces a decrease in the alpha cell secretion. The suppressive effect of FFA on glucagon secretion nevertheless seems to be slightly reduced during diabetes. Similarly, in hypophysectomised ducks, where basal insulin secretion is very low, small alterations in plasma FFA within a physiological range [6] still induce a decrease in plasma glucagon.
Since in the presence of a very small basal concentration of insulin, the FFA-induced glucagon suppression remains effective, insulin might not be necessary in this interplay. This might indicate the existence of a direct effect of FFA on the alpha cell.
II. Amino Acid Interplay with Insulin and Glucagon
Since no alteration in gut GLI could be observed during the first hour of arginine infusion in totally depancreatised ducks given even higher amounts of arginine [35] , it may therefore be assumed that the GLI alterations here mentioned are of pancreatic origin.
1) Normal
State. An arginine infusion, resulting in a two-fold increase in plasma alpha amino nitrogen due to a twenty-fold rise in arginine, induces an acute increase in glucagon and insulin secretions, together with a slight hyperglycaemia.
These data suggest the existence of an arginineglucagon and an arginine-insulin interplay in normal fasted ducks, as already reported at supraphysiological levels in normal [35] and hypophysectomised ducks [6] , in normal man [1, 4, 31] and in the dog [33] .
2) Diabetes. The basal hyperaminoacidaemia observed in diabetic ducks could be ascribed to a lowering of basal insulin and glucagon secretions since insulin is known to inhibit the peripheral release and glucagon to stimulate the hepatic uptake of amino acids [26] .
A two-fold increase in plasma alpha amino nitrogen, mainly due to arginine, induced a normal glucagon increase, but a reduced insulin response (Fig. 5) , in diabetic ducks, suggesting the persistence of normal arginine-induced glucagon secretion during diabetes, despite lowered basal insulin secretion and a decreased insulin response.
Contrasting with its key role in the effectiveness of the glucose-glucagon interplay in the duck [22] , insulin may thus not be involved in amino acidinduced glucagon secretion in this species (Fig. 6) .
A similar persistence in the glucagon response to hyperaminoacidaemia [31, 39] , with even increased secretion, concomitant with a reduced [4, 5] or abolished [37] insulin response, occurs in diabetic man.
3) Effect of Hyperglycaemia. In normal ducks rendered hyperglycaemic to an extent comparable with diabetes, augmentation in plasma arginine induces a rise in glucagon and insulin secretion similar to that occurring in normoglycaemic animals (Fig. 5) . Glycaemia does not thus seem to alter the response of alpha or beta cells to arginine (Fig. 6) .
In sharp contrast are the results obtained in mammals, where combined hyperaminoacidaemia and hyperglycaemia result in an increase in insulin and an abolished glucagon response [9, 34, 38] . This bi-hormonal situation would favour protein synthesis at the expense of gluconeogenesis [32] .
4) Roles and Action of Arginine on Glucagon and
Insulin Secretion. Neither glucose, nor insulin, nor pituitary hormones [6] seem to affect aminogenic glucagon secretion in the duck. We therefore suggest a direct and constant action of arginine on the alpha cell, the primary response of the duck pancreas to this amino acid being a secretion of glucagon, and gluconeogenesis.
Moreover, arginine seems to be a more potent stimulus of the alpha cell than glucose in the duck, since concomitant hyperaminoacidaemia and hyperglycaemia elicit a rise in glucagon secretion.
Conflicting results have been reported in the isolated perfused rat pancreas, where it has been postulated that the binding of glucose to alpha cell In both cases, arginine stimulates insulin secretion. @ indicates a stimulatory effect, @ an inhibitory effect and 0 the absence of an effect glucoreceptors (34) has a permissive inhibitory effect on the aminogenic glucagon response. Furthermore, in man (11), insulin has been ascribed a direct action on the response of the alpha cell to arginine. Although its influence on the arginine-induced glucagon secretion might be insignificant in the duck, aminogenic insulin secretion probably favours protein synthesis, and might perhaps play a role in glucoregulation, i.e. prevention of hyperglycaemia provoked by an unchanged aminogenic glucagon secretory response, whatever the glycaemic pattern may be.
